If it is assumed that the oscillating 02 flash yield sequence of algae and chloroplasts predominantly reflects an inherent property of the 02 evolving system of the photosynthetic apparatus it is shown that the OH-radical model (02 production by recombination of four OH radicals) is contradictory to the experimental results because it predicts an aperiodic 02 flash yield sequence.
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OH-Radical Model for Photosynthetic Water Oxidation
If it is assumed that the oscillating 02 flash yield sequence of algae and chloroplasts predominantly reflects an inherent property of the 02 evolving system of the photosynthetic apparatus it is shown that the OH-radical model (02 production by recombination of four OH radicals) is contradictory to the experimental results because it predicts an aperiodic 02 flash yield sequence.
Several experimental facts already known strongly indicate that the OH-radical model is not consistent with the kinetic model for 02 evolution of KOK et al. either.
In spite of extensive research in photosynthesis our knowledge of the structure and activities of photosystem II because of its complexity is rather limited. Although considerable progress has been made in recent years the specific mechanism for the photosynthetic oxidation of water to molecular oxygen remains to be elucidated. Several models for this process have been proposed based on a molecular or solid state theory of the primary events of photosynthesis. The kinetic models of KOK et al. *' 2 and of JOLIOT et al. 3 were developed in order to explain the 02 flash yield sequence observed on algae and chloroplasts by these authors. The first model on a specific molecular basis was presented by RENGER 4 . He demonstrated that the 02 flash yield pattern could be deduced quantitatively from several assumptions on the molecular structure of the 02 evolving enzyme system. Although it is not known whether there are "free" oxygen intermediates in photosynthetic water oxidation it is assumed in this model as well as in that of JOLIOT et al. that the water cleavage leads to the production of oxygen atoms which combine to form 02 .
According to the solid state theory of photosynthetic 02 evolution the decomposition of the water molecule is thought to be caused by its interaction with randomly diffusing molecular excitons of the chlorophyll aggregates at the surface of the thylakoid membrane 5 flash yield pattern in terms of the solid state theory has been offered as yet.
Several authors 5 ' 7-10 presented the theory that the photooxidation of water could be brought about by the oxidation of OH G -ions to OH radicals or equivalents of these [11] [12] [13] [14] [15] the recombination of which w r ould lead to H20 and 02 .
In this paper it is shown that the OH-radical model of photosynthetic water oxidation cannot provide an explanation for the 02 flash yield oscillations as determined by JOLIOT et al. 3 and KOK et al. 2 .
Some Operational and Structural Principles of PS II
Only the most important facts concerning the 02 evolution mechanism will be reported in the following short summary. Details which are not necessary for the subsequent proof have been omitted.
Since 02 evolution is a four quantum process 16 ' 17 (quantum requirement of PS II) the oxidation of water to molecular oxygen requires the collaboration of four oxidizing equivalents. 02 liberation does not involve slow diffusion processes (migration of molecules or radicals over a long distance) because 02 generation in plants stops in an unmeasureably short time when the illuminating light is switched off 18 . Therefore, in the molecular approach of the problem this implies the concept of localized "reaction centers" which are defined as operational sub units of the 02 evolving enzymatic system. According to the quantum requirement each reaction center produces one molecule of oxygen after four electrons have been transferred by four photoreactions:
2 HoO + 4 4 H® + 4e + 02.
The "reaction center" consists of at least one "photon trapping center" (presumably the pigment P680 detected by DÖRING et al. 19 ' 20 ) associated with the primary electron aoceptor Q and one or more "oxidizing sites" Z which directly oxidize the water molecules. This substructure is derived from the fact that 02 evolution may be inactivated whereas the photon trapping phenomena are not at all affected 21 ' The quantum requirement further implies that each reaction center contains only one photon trapping center. But there are no restrictions as to the number of water oxidizing sites within a reaction center.
Inactivation of the water oxidizing centers by DCMU poisening, UV irradiation and Mn deficiency up to 90 per cent did not significantly alter the relative 02 flash yield pattern of the first five flashes 1 . This result strongly indicates that the 02 generating units operate independently from each other. But it does not show convincingly as is claimed by KOK et al. 1 that the reaction centers are independent since this conclusion would presuppose their identity with the "02 generating units". Nothing is known on the molecular structure of the 02 evolving enzyme system and on the specific mechanism of action of the three inactivation methods used. Therefore, the possibility that two oxidizing sites belonging to two different reaction centers are intimately connected and cooperate in 02 production thus forming a complete and independent 02 generating unit as is postulated by JOLIOT et al. 3 cannot be excluded by these experiments. The cooperation of a large number of reaction centers, however, is definitely ruled out.
Each reaction center can attain ait least two different states. Systems in the dark gradually deactivate to the ground state 23 ' 24 . Dark equilibrated algae or chloroplasts do not yield any measurable amounts of oxygen after a short saturating flash of 100//sec duration 1 ' 3 ' 25-27 although a photochemical reaction (transfer of an electron to Q) has taken place 28 . Obviously, the energy of the flash is chemically stored in some substrate of unknown stability in the reaction centers. Assuming with KOK et al. that the reaction centers are independent units it 173 must be postulated that this state is stable in the dark for at least 40 min (dark adaptation time) since otherwise one cannot account for the fact that y3>r4 (Yn = Oo flash yield after flash n). The experimental 02 flash yield sequences with very high Y3-<values obtained from various pretreated systems can be explained by this hypothesis.
With coorperating reaction centers, however, it would be sufficient to assume that molecular changes of limited stability within the enzyme system can be induced by various pretreatments so that the recombination probability of the oxidizing equivalents is altered. But it is not necessary to postulate that one positive charge is conserved because the experimental Y3-values do not exceed the value of 0.75 molecules 02 per flash and center! Since each flash is equivalent to 0.25 molecules 02 per flash and center three flashes would suffice without the conservation of one equivalent.
In dark equilibrated spinach chloroplasts the oxygen flash yield function Yn produced by a series of saturating flashes of 100 //sec duration with a spacing of 300 msec can be described within experimental accuracy by an empirical recurrence relation firstly derived by JOLIOT et al. 3 (oscillation requirement) which takes the form Yn + 2 = a-bYn.
(1) with a, 6 >0
We can simplify this expression. The transition to the stationary state can be described by
where Y0 is the stationary value. This expression indicates that the two parameters a and b in (1) are not independent from each other.
Therefore, (1) can be rewritten by
If Y0 is normalized to 1 the relation simplifies to
This series represents a damped oscillation with the period of four. This periodicity is regarded as a consequence of the quantum requirement.
Depending on the pretreatment of the plant cells or chloroplasts various states of the whole system of centers can be induced. But oscillations of the 02 flash yield are always observable with the period of four thus indicating that this is an intrinsic property of the system 22 . A check of the published yield functions of various pretreated systems 1-3 ' 29 , however, reveals that the validity of the recurrence relation (4) is generally restricted to dark equilibrated systems. The only exception found was that of a pretreatment by three flashes 1 .
As to the interpretation of these oscillation effects two different inroads have been made. JOLIOT et al. 3 and RENGER 4 postulated that the 02 flash yield sequence represents an inherent property of the 02 evolving system. Experimental imperfections (photon double hits and misses) were tacitly considered to be of negligible influence. KOK et al. 2 , however, claimed that the 02 flash yield series under ideal conditions would be 0, 0, 0.5, 0.5, 0,0, 0.5, 0.5, molecules 02 per flash and reaction center. According to this theory oxygen liberation after the second flash and damping of the oscillations is caused by various biological and experimental imperfections. Recently, it has been demonstrated 2 that damping can be accounted for quantitatively by assuming that 10% photon double hits and 5% misses occur. This indicates that these effects should not be neglected. The theory leads to a recurrence relation with the same algebraic structure as in (4) for the case that these two effects are equal if a two step deactivation mechanism is presupposed 29 .
In spite of the fact that the KFG-model (KOK, FORBUSH, MCGLOIN) is the only theory consistent with all kinetic data at present it is not possible to reject the basic hypothesis of JOLIOT and RENGER because it has not been excluded as yet that there is an intrinsic property that contributes to the damping effect considerably. Therefore, as to the investigation of the OH-radical model both possibilities will be considered.
This survey may be summarized by the following operational and structural principles of photosystem II:
1. The quantum requirement for 02 evolution, 2. The existence of localized reaction centers. 3. The independent operation of the 02 generating units. 4. The existence of at least two different states of each reaction center. 5. The oscillation requirement.
These principles should be considered as necessary requirements which have strictly to be met by each model for photosynthetic water oxidation.
In the next sections it will be shown that the OHradical model is contradictory to the oscillation requirement if it is assumed that the oxygen flash yield oscillations quantitatively represent a structural property of the 02 evolving apparatus and that it is not consistent with the existence of a second stable state Sx of the reaction centers in the framework of the KFG-model either.
The OH-radical Model
The overall reactions of the OH-radical model can be represented by the following schematic equations:
4H20^4H© + 4 OH®, 4 OH e + 4 hv enz ™4
OH + 4 e , 4 OH-> 2 H20 + 02.
The theory of VAN NIEL n ' 12 is formally equivalent to this mechanism although he did not claim the existence of free or trapped OH radicals but only of equivalents of these.
The subsequent considerations are also valid for the case that ithe formation of 02 comes about by 2 OH H20 + O,
This simple model is consistent with the quantum requirement because after the absorption of four quanta one molecule 02 is liberated and four electrons are transferred. The model would imply some specific properties of the 02 evolving enzyme system: 1. Since each quantum produces one OH radical the primary oxidant Z of the reaction center must react in the monooxidized form Z® with the OH eions. Higher oxidation states of Z as postulated by JOLIOT et al. 3 are not possible because otherwise the quantum requirement cannot be met.
2. After each flash-except during the activation period-OH radicals must necessarily recombinate with a certain probability in order to be able to form 02 . The recombination probability is determined by the structure and the state of the reaction center. Since there are at least two different state-(a deactivated state and an activated one) two different recombination probabilities may occur.
3. The OH-radioal model does not work with independent reaction centers. Cooperation of at least two centers is necessary. Otherwise 02 evolution of dark adapted systems would only be possible after the 4. flash unless one conceives of the possibility of a long time storage of OH radicals in the ground state of the system which seems impossible at room temperature regarding the high reactivity of the radical with organic matter.
lncompatability with the 02 Flash Yield Sequence
In this section it will be assumed that the 02 flash yield series is an intrinsic property of the photosynthetic apparatus. Three phases of this phenomenon can be distinguished: the activation phase, the oscillation phase with its pronounced periodicity and the stationary state. In order to account for the low 02 yields during the activation phase (flash 1 and 2 in dark adapted systems) in terms of the OH radical model one is forced to assume that in the deactivated state the reaction centers have a very high storage capability for OH radicals at least over the time interval between two subsequent flashes. The OH-recombination probability is very low. The high yields during the oscillation phase of the system, however, could only be explained by the assumption that activation of the centers has led to a state in which the OH-recombination probability is much higher.
IT has been demonstrated by FORBUSH et al. 2 that the hypothesis of cooperation of several reaction centers causes a damping of the 02 yield oscillations if a constant recombination probability of the oxidizing equivalents is presupposed. Since this probability is determined 'by the state and the structure of the whole 02 producing enzyme system it must be constant, indeed, within the oscillation phase and the stationary state in both of which the system is activated and operates continuously.
The 02 flash yield function Yn to be expected according to the OH radical model can now easily be calculated. If we define Bn as the number of OH radicals present after flash n immediately before recombination occurs and Rn as the number of recombinating OH radicals the number of radicals which survive the flash n is
Assuming the cooperation of b different reaction centers we have
where Yn is the number of 02 molecules evolved per flash and reaction center. The factor 4 results from the fact that four OH radicals are needed for the production of one molecule 02 . Moreover, the relation
Rn -Bn p (8)
holds, p is the OH-recombination probability during the oscillation phase *. Since after each flash b OH radicals are formed in the cooperating centers we can write for the difference
Using (10) one obtains
With expression (7) this yields the recurrence relation of the 02 flash yield pattern for the OH-radical model after the activation phase
Since Y0 = 0,25 this expression can be rewritten in the form
This result is entirely wrong! (See equ. (4) and JOLIOT et al. 3 , p. 315.)
Even a rough approximation of the 02 flash yield function is not possible since this sequence does not oscillate! This can be demonstrated as follows: Simply by subtraction of Y0 on both sides of eq. (14) one obtains the expression yn+1_y0=(l-p)(Fn_F0).
(is)
If we assume that Yn > Y0 then we can conclude that also Yn + x > Y0 because 1 -p is always a * p is equal to the product of the recombination probability of two OH radicals and the recombination probability of two oxygen atoms if the second mechanism for 02 evolution on p. 174 is assumed.
positive number. The same argument holds for the case < 1 0 . This means that for all n either Yn > Y0 or Yn < Y0 . Obviously, no oscillations about Y0 are possible. Because of eq. (2) this series is aperiodic.
These arguments show that the application of the quantum requirement and the recurrence relation for the 02 flash yield sequence are sufficient to rule out the OH radical model as a possible explanation for photosynthetic water oxidation if the periodic oscillations of the oxygen flash yield can be regarded as an intrinsic property of the 02 evolving enzyme system.
Incompatability with the KFG-model
These difficulties of the OH-radical model could be avoided if one adopts the standpoint of KOK et al. 2 that there are two different ground states S0 and of each reaction center. Sx is a stable state which has already accumulated one oxidizing equi-
